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ABSTRACT

ASSESSING THE IMPACT OF SUBMERGED VEGETATION ON METHANE DYNAMICS
IN A DISCONTINUOUS PERMAFROST LAKE SYSTEM,
ABISKO, SWEDEN
by
Christopher Daniel Horruitiner
University of New Hampshire, December 2018

Across the Arctic, postglacial lakes contribute a substantial amount of the total
atmospheric methane (CH4), and their emissions are predicted to increase. However, there is
still much uncertainty as to the contribution of northern water bodies to atmospheric CH4
emissions. This is mainly due to the spatiotemporal variability of the predominant pathway of
emission from high latitude lakes: ebullition (bubbling). There are a myriad of factors that
affect ebullition fluxes, including solar radiation input and atmospheric pressure, which make
it difficult to model the impact on regional emissions. Very few studies have correlated
sediment characteristics and submerged vegetation density with ebullition, to see what drives
the variation across space and time. This study investigated the effect of submerged aquatic
macrophyte (SAM) species distribution and abundance on CH4 dynamics in three postglacial
lakes in Stordalen Mire, near Abisko, Sweden (68°21'N, 18°49'E). Submerged vegetation
density maps developed from vegetation transects and sediment geochemistry derived from
sediment cores were compared to ebullitive flux measured with bubble traps,. The source
contribution of terrestrial and aquatic vegetation to the lake sediment carbon (C), the
substrate for methanogens, was investigated using δ13C stable isotope analysis and organic
carbon-to-nitrogen (C:N) elemental analyses. These data suggest that the organic C in
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postglacial subarctic lakes are a mixture of allochthonous and autochthonous inputs, with
significant C being added by the in-situ decay of submerged vegetation, providing annual
organic matter to the sediment. It was found that submerged vegetation density does not
influence sediment CH4 concentrations, but rather, among shallow zone cores, the physical
structure of the sediments drives most of the variation in ebullitive flux. Among shallow
zones, the best predictor of overlying CH4 ebullitive efflux is the sediment porosity. It was
also found that total sediment CH4 concentration has a strong negative relationship with
ebullitive efflux, meaning that high sediment CH4 concentration is not an indication of high
ebullition potential. Increased macrophyte density was not observed to ‘fertilize’ the sediment
with organic C, nor did submerged vegetation density have any observed effect on sediment
CH4 concentrations, downcore geochemistry, or ebullitive flux. Findings suggest that in a
system that is not C-limited, it is perhaps the C quality and not the C quantity that drives the
variability in methanogenesis. An investigation into which microbial communities exist in
these sediments and in what abundance is required. These data also suggest that anaerobic
oxidation of methane (AOM) might also be occurring even in freshwater lake environments,
a finding that is implicative in terms of our understanding and modeling of CH4 ebullition
and emissions across the Arctic, perhaps yielding new insights into how net emissions might
change in the future.

x

I. INTRODUCTION
1.1 Methane from Northern Lakes
Methane (CH4) is a radiatively active trace gas in the atmosphere that is created
thermogenically, pyrogenically, or biologically (as a byproduct by methanogenic archaea).
Anthropogenic CH4 is associated with biomass burning (including fossil fuels), landfill
exhaust, animal husbandry, and agriculture. Naturally produced methane is associated with
wetlands, lakes, wildfires, geological processes, and thawing permafrost (IPCC, 2013). The
concentration of CH4 in the atmosphere reached a peak of 1887.65 ppb as of November 2017,
an amount that has almost tripled since pre-industrial times (Dlugokencky et al., 2018).
Methane is the third most abundant greenhouse gas, and although it is more short-lived in the
atmosphere than carbon dioxide (CO2; 8 years vs. 100 years), it has 34 times greater global
warming potential over a 100-year life time (Holmes et al., 2013). Because of this, CH4 is
often seen as the second most important greenhouse gas (Rodhe, 1990).
Wetlands are the dominant non-anthropogenic source of CH4 to the atmosphere
(Conrad, 2009), emitting 177 - 284 Tg of CH4 globally each year (IPCC, 2013). It was also
found, with high confidence, that they are also responsible for most of the interannual
variability in global CH4 flux, and that this is due to climate driven changes (IPPC, 2013).
Emissions of CH4 from water bodies correlate positively with solar radiation and negatively
with pressure (e.g. Wik et al., 2013). Recent studies suggest that inland freshwater systems
such as rivers, and small lakes may also be a significant source of microbial CH4 as well
(Cole et al., 2007; Bastviken et al., 2011; Borges et al.; 2015, Wik et al., 2016). Northern
wetlands, most of which are peatlands, emit approximately 30 Tg of CH4 per year (Frolking
et al., 2011), and are subject to accelerated warming.
High latitude lakes are a crucial, yet unconstrained global source of CH4 to the
atmosphere (Bastviken et al., 2004; Verpoorter et al., 2014), and their contribution is
1

expected to increase due to a rapidly warming Arctic (O’Reilly et al., 2015). Northern lakes
store vast quantities of terrestrial C in their sediments through the gradual deposition and
burial of inputs over millennia (Tranvik et al., 2009). Yet, lake efflux of C as CO2 and CH4 is
thought to offset a majority of the terrestrial C sink (Raymond et al. 2013). Although most
northern water bodies are formed through thermokarst processes or peat degradation (Smith
et al., 2007), it is postglacial lakes that dominate overall northern lake area. Notably,
however, postglacial lakes have received little attention (Wik et al., 2016).

1.2 Methanogenic Pathways and CH4 Isotopes
Most microbial CH4 is produced by methanogenic archaea (methanogens) in highly
organic, reducing conditions, with low dissolved oxygen (e.g. wetlands). Northern peatlands
are an active area of research due to the vast amounts of C stored in permafrost that is
currently subjected to a warming climate (Tarnocai et al., 2009). Emissions of CH4 relative to
CO2 typically vary across a thawing peatland landscape as a function of the water table,
where high water tables can indicate reducing conditions which favor the production of CH4
in anoxic soils or sediments (McCalley et al., 2014). Methanogens predominantly utilize two
metabolic pathways: acetate fermentation and CO2 reduction (otherwise known as
hydrogenotrophic methanogenesis), and methanogenic communities tend to use, obligately,
one or the other (Chasar et al., 2000). The acetoclastic methanogenic pathway (equation 1)
utilizes plant decomposition products, such as acetic acid, as organic substrates; the
hydrogenotrophic methanogenic pathway (equation 2) reduces respiration products to form
(1) CH3COOH → CH4 + CO2

CH4:

(2) CO2 + 4H2 → CH4 + 2H2O
The CH4 molecule, made up of four hydrogens tetrahedrally bound to a C, is found in
different varieties in nature. Both C and nitrogen (N) have different naturally occurring
isotopes, which are slightly heavier or lighter due to a differing number of neutrons in the
2

nucleus. This means that there are slightly lighter and heavier molecules of CH4 in nature that
behave chemically the same but are fractionated differently by biotic and abiotic processes
due to their differing masses. For tracking the isotopic fractionation of CH4 due to production
pathway, δ13C is often used, which is the ratio of “heavy” C (13C) to “light” C (12C). Isotopic
fractionation is the “enrichment” or “depletion” of an element with respect to one of its stable
isotopes as compared to a standard. For C, the standard is the Pee Dee Belemnite (PDB), or
the newer Vienna PDB (Coplen 1994).
In freshwater systems, methanogenesis is carried out by archaea, typically where
water tables are high enough to create anoxic conditions in the absence of a predominant
alternate e-acceptor. It is this fractionation process that allows for the measurement of how
heavy or light the C in the CH4 molecule is as compared to a global standard. The
fractionation of δ13C due to hydrogenotrophic reduction by methanogenic archaea from CO2
to CH4 results in a range of about -65‰ to -80‰ relative to Pee Dee Belemnite, PDB,
standard (Chanton et al. 2005). The enrichment or depletion of C relative to the PD belemnite
standard is calculated in permille (‰) notation. In the acetoclastic methanogenic pathway,
the C in CO2 ranges from -55‰ to -65‰ relative to PDB (Chanton et al. 2005).
As one would expect, the H’s in the CH4 molecule are also subject to fractionation
and are also used to inform production pathway. Hydrogen isotopes are not used for this
study because they are hard to measure with small sample quantities. However, C isotope
fractionation is enough to inform production pathway, as it offers mostly redundant
information to H isotopes.
Production effect

Oxidation effect

CO2 reduction
-80

Acetate fermentation
δ13C (‰)

Figure 1. Carbon and hydrogen isotopic fractionation.
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1.3 Gaseous Transport of CH4 in Lakes
In lakes, CH4 is produced and transported from anoxic sediments by three main
pathways: molecular diffusion (random molecular movement across a gradient from high to
low concentration), ebullition, and via the aerenchymal structures of emergent plants, which
act as a conduit for CH4 to escape from the anoxic roots directly to the atmosphere (Schutz et
al., 1991). The relative importance of these three pathways varies according to organic
loading, sediment structure, and seasonal variation in temperature and pressure, and the
presence or absence of aerenchymal vegetation.

1.3a Diffusion
Molecular diffusion is the movement of molecules down a concentration gradient,
from higher to lower concentration. Rates of diffusion are regulated by the concentration
gradient, the diffusion coefficient, and the substrate permeability. Molecular diffusion is an
important transport pathway of CH4 from sediments to the water column, where it is then
hydrodynamically driven to the atmosphere (Happell et al., 1995). Temporally, during diel
patterns, diffusion is generally highest at mid-day, and seasonally is arrested during winter if
there is lake ice (Sorrell & Boon, 1992).

1.3b Ebullition
Ebullition occurs because, as a nonpolar molecule, CH4 is only sparingly soluble in
water (Yamamoto et al., 1976). Once a fluid is supersaturated with respect to CH4, bubbles
can form and ebullition can transport CH4 directly from the lake bottom to the atmosphere. If
ascent rates and water column paths are short, CH4 can avoid dissolution and bypass the
mediating effects of an oxygenated water column or plant rhizome (Chanton, 2005). This is
an especially dominant transport pathway in shallow lakes, or the shallow margins of deeper
lakes. In the process of sub-lake bed sedimentary bubble formation, dissolved CH4 and other
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gases equilibrate with the bubble reservoir in the sediment and are subsequently stripped
from solution as bubbles are released (Kipphut & Martens, 1982; Chanton et al., 1989). Large
bubble releases or episodes can be triggered by pressure differences driven by wind events
(Keller & Stallard, 1994), or falling hydrostatic pressure associated with variation in flood
stage (Bartlett et al., 1988; Devol et al., 1990; Smith et al., 2000; Casper et al., 2000).
Ebullition can be episodic and thus making it difficult to measure (Wik et al. 2013). In
high latitude lakes, ebullition can dominate annual CH4 emissions despite only occurring
during the short thaw season (Casper et al., 2000). Because of this, and the lack of long term
ebullition measurement experiments, CH4 ebullition may be a much greater global flux than
is generally thought (Glaser et al., 2004; Wik et al., 2013). In lakes, CH4 bubbles originate
from the upper portion of the sediment (Joyce & Jewell, 2003) where CH4 production rates
are greatest. Ebullition is more frequent in shallow waters (< 5 m) where bubbles can be
released by bottom currents or induced wave action (Keller & Stallard, 1994, Wik et al.,
2013). Generally, the rates of ebullition vary seasonally, being lower in winter and greater in
warmer months (Boon & Sorrell, 1995; Wik et al., 2013).

1.3c Emergent Aquatic Macrophytes
Many emergent aquatic macrophytes (EAM), like sedges, have spongy vascular tissue
(termed aerenchyma or lacunae) that conduct appreciable quantities of CH4 from an anoxic
submerged rooting zone directly to the atmosphere (Reeburgh, 2003). These plants release
CH4 from the sediments while transporting oxygen to support the respiration of their roots
and rhizomes (King et al., 1998). In comparisons of areas with vascular emergent vegetation
and adjacent non-vegetated areas, it has been found that the EAM areas generally transport
10 times the amount of CH4 relative to the non-vegetated interface, indicating the importance
of the plant-mediated pathway whenever there are EAM present (Happell et al., 1993).
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Ventilation of CH4 by plants can affect gas transport mode by reducing CH4 partial
pressures within the flooded soil or sediment in which they are rooted. Where plants are
present, pore water CH4 concentrations are roughly 50% lower due to plant ventilation of the
soil and this in turn reduces the CH4 concentration gradient out of the soil, reducing diffusive
flux (Shannon et al., 1996;). Another effect of reducing pore water CH4 concentrations is to
reduce CH4 bubble concentration and total bubble volume, both of which reduce ebullition
rates. Hence, when present, EAM tend to dominate the CH4 efflux pathway (Noyce et al.,
2014).

1.4 Submerged Aquatic Macrophytes
Vascular plants prevail in shallow lake margins, in thaw ponds and on land as bottomrooted, emergent vegetation (Van Der Nat & Middelburg, 1998). Many deep Arctic lakes
have a perennial aquatic macrophyte population that can survive winter freeze (Erixon 1979).
The nonvascular, submerged vegetation are considered ‘amorphous,’ in that they do not have
a strong structure, and once macrophytes die, their residue is often found as a black layer of
“ooze” overlying the sediment (Kudoh et al. 1993). They prevail in deeper, off-margin lake
bottoms, and are often characterized by a lack of true roots, instead, anchoring themselves to
lake bottoms using ‘holdfasts.’ Being aquatic organisms, submerged vegetation lack
structural cellulose, which is a C-rich molecule, and thus, aquatic vegetation tissues are much
lower in C:N than their terrestrial counterparts (Meyers & Ishiwatari, 1993).
It is widely believed that submerged aquatic macrophytes (SAM) do not affect CH4
production, emission nor isotopic signature because they lack the aerenchymal transport
mechanism of EAM, like sedges (Chanton 2005). However, there is a growing body of
literature that suggests SAM do have an indirect effect on the production and eventual
emission of CH4. Aquatic macrophytes, submerged or emergent, may employ passive
(diffusive) gas transport systems or active gas flow systems (Dacey & Klug, 1979). Passive
6

transport is the sole gas transport mode found in emergent macrophytes such as Carex
rostrata (Van Bodegom et al., 2001). In deeper water, plants that employ diffusive transport
are at a competitive disadvantage relative to plants that use convective through-flow
ventilation, because diffusion is less adequate for spanning longer distances between the
atmosphere and the roots, so active modes of gas transport give certain plants an advantage in
deeper water (Grosse et al., 1991). During the day, convective through-flow transport
generally dominates due to a large pressure gradient. At night, when pressure gradients
within the plants are absent, molecular diffusion is the primary transport mechanism, giving
rise to a diel pattern of convective and diffusive transport. (Tornbjerg et al., 1994; Arkebauer
et al., 2001). It appears that the diurnal pattern of CH4 emission from aquatic macrophytes is
strongly influenced by the mode of gas transport (Käki et al., 2001). In aquatic plants, having
only diffusive transport, only small variations in flux rate have been observed and attributed
to changes in soil and water temperature (Van der Nat et al., 1998).
The C:N value of the tissue of aquatic organisms tends to be lower than that of
terrestrial organisms, due to the amount of cellulosic material that most terrestrial organisms
invest in to grow vertical and fight against gravity (Meyers & Ishiwatari, 1993). Thus, the
elemental C:N value is often used to determine the source of sedimentary material. Plants can
be divided into two groups based on their biochemical compositions: (1) nonvascular plants
that lack woody and cellulosic tissue (4 > C:N > 1) and (2) vascular plants that have these
tissues such as grasses, shrubs and trees (C:N > 20) (Meyers & Ishiwatari, 1993). The plant
source type dictates the substrate C for methanogens and may potentially dictate the
productivity of methanogenesis and which methanogenic pathways are dominant.

1.5 Porosity and Permeability
In this study, porosity is inferred. Porosity is defined as the volume of the void as a
fraction of the total sediment volume and reported as a percentage. Permeability is the related
7

property of any rock or loose sediment to allow a fluid to flow through it, measured in units
of millidarcy (Bear, 1972) or the connectivity of pore spaces. A substrate such as a sandstone
or a shale rock will have a lower porosity than an unconsolidated sediment (Bear, 1972).
Permeability is important because porosity tells of the ability for a substrate to hold a fluid,
but not its ability to exchange through it. A reservoir must be both porous and permeable to
observe high CH4 efflux.
To represent the relationship between porosity and diffusion, the diffusion coefficient
must be scaled with a sediment parameter called tortuosity, which describes how curved it is
(Sweerts et al., 1991). The sediment tortuosity shows a linear relationship with sediment
porosity (φ) over the porosity range of 0.4–0.9 (Iversen & Jørgensen, 1993), which is almost
entirely contained in our data (min 0.1, max 0.95, mean 0.68).

1.6 The Importance of Lakes and Streams to C Budgets
The export of C from the terrestrial watershed to inland waters, such as lakes and
streams, is poorly constrained. It is believed that terrigenous material dominates C input to
these environments, where they act as mineralization sites of terrestrially exported organic C
(Karlsson et al., 2007), and conduits of both CO2 and CH4 to the atmosphere. It has been
found that even low productivity, clear water lakes are net heterotrophic, meaning that more
C is released during respiration than is taken up by primary production, resulting in lake
waters supersaturated with respect to CO2 (Jonsson et al., 2003). Hence, whereas mires act as
net sinks of C, the streams, lakes, and thaw ponds within them act as net sources of C, and
this has been claimed to be the most important unconstrained source of C so the atmosphere
from subarctic landscapes (Christensen et al. 2007; Cole et al., 2007; Kuhn et al. 2018).
Locally, it has been estimated that lakes account for almost half (48%) of the total landscape
CH4 emissions, most of this in the form of ebullition (Wik et al., 2013). Ebullition only

8

occurs during a short time window during the thaw season (June - September), but accounts
for the majority of annual CH4 efflux from lakes.

1.7a Research Objectives
The plant-mediated transport pathway is not an important consideration when
budgeting CH4 emissions from deeper lakes. However, that is not to say that the presence of
non-vascular SAM does not influence CH4 dynamics in other, more indirect ways. The effect
of SAM as a labile organic C substrate to methanogens has mostly been overlooked.
Understanding how the presence and density of SAM might affect CH4 production and
ultimately emissions would inform Earth system models to better predict changes in net CH4
emissions into the future.
There are many processes controlling microbially-mediated CH4 emissions from
lakes. These include the relationship between methanogenic archaea and possible interplay
with oxidized sediments surrounding the rooting zones of aquatic macrophytes, the kinetic
and thermodynamic control of temperature on rates of reactions and metabolic rates, and the
gaseous-aqueous physics of the three methods of CH4 transport (diffusion, plant-mediated
transport and ebullition). Lastly, in our regional assessment, northern lake sediments are not
only a basin for the accumulation of terrestrial inputs, but also lateral inflow of organic matter
from thawing permafrost and the in-situ decay of labile aquatic macrophytes (Cronin et al.
2006; Marinho et al. 2015), making the source C for methanogens in peatlands lakes hard to
constrain.
Postglacial lakes are estimated to dominate overall lake-type by area at high latitudes
(Wik et al., 2016). But few studies look at the impact of climate warming on peatland lakes,
and even more specifically, vegetation within peatland lakes. Labile C in shallow lakes can
be predominantly autochthonous, produced from seasonal primary productivity of
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phytoplankton and aquatic macrophytes (Wik et al., 2013) and this has been shown to have a
strong environmental correlation with CH4 production rates (Cronin et al., 2006).
It has been shown that in these lakes, the concentration of CH4 in the sediment does
not predict CH4 ebullition at the surface (Wik et al., 2018). The spatial component of this
project aims at elucidating the controls on this ebullitive CH4 flux through spatial analyses
and correlations with parameters known to affect CH4 production: water depth, lake-bottom
SAM density, and sediment physical and geochemical characteristics.
The goal of this research is to determine whether sedimentary organic matter is
predominately aquatic or terrestrial, and to elucidate how this in situ labile organic matter
from the decomposition of SAM affects sediment geochemistry, sediment CH4 concentration,
production pathway, and ultimately ebullition at the surface. The sediment geochemical
parameters included in this study are Total Sediment CH4, Water depth, TOC, Porosity, δ13C,
δ15N, δ13CH4, TS and C/N.
By focusing on shallow water zones (< 2 m), radiative forcing and pressure are kept
relatively constant. The results of these analyses will help to determine if the presence of
SAM and sediment geochemistry influence shallow zone CH4 ebullition.

1.7b Research Questions:
The goal of this study is to answer the following questions:
1. What is the impact of SAM abundance on sediment geochemistry?
2. Is there evidence that autochthonous C from the decay of SAM ‘fertilizes’
methanogenesis?
a. How does the abundance of SAM influence total sediment CH4?
b. How does the abundance of SAM influence CH4 ebullition?
3. Which geochemical parameter(s) predict CH4 ebullition best?

10

In this study, only shallow zone cores were collected to control for the primary control on
CH4 ebullition in lake sediments: solar radiation input, which is strongly correlated with
water depth. Because point data from different sources (core geochemistry data, bubble trap
ebullition, and SAM abundance by transect) are to be compared, an approach was developed
whereby geospatial correlations were sought between the spatial distribution of the
aforementioned parameters.

11

II. FIELD SITE
2.1 Stordalen Mire

Figure 2. The study site of Stordalen Mire, WorldView-2 (credit: Michael Palace, UNH). Permafrost map
adapted from Philippe Rekacewicz, 2005, UNEP/GRID-Arendal, based on International Permafrost Association
(1998) Circumpolar Active-Layer Permafrost System (CAPS), version 1.0.

Our study site is situated within the Stordalen Mire catchment in Abisko, Sweden
(68°21'08"N 19°05'17"E). Stordalen Mire is located on the 0°C mean annual temperature
isotherm, with an average yearly temperature of 0.07ºC. Stordalen Mire has been
experiencing steadily increasing temperatures since it started being actively studied in 1972
(Callaghan et al., 2010). It is still an active area of study on the effect of permafrost thaw on
changes in CH4 and CO2 emissions and vegetation cover (e.g. Johansson et al., 2006; Wik et
al., 2013; McCalley et al., 2014).
Stordalen Mire is an inhomogeneous peatland situated in a discontinuous permafrost
zone, ranging from fully intact to fully thawed permafrost. There are areas with intact
permafrost, called palsas, semi-wet Sphagnum spp. moss sites, shallow ponds formed from
permafrost thaw, and wet sedge-dominated sites. Central to the mire is a peat plateau,
characterized by hummock and bog communities. Peripheral to these are more thawed fen
areas and frozen, raised palsas. As the mire undergoes permafrost thaw, surface features are
changing as palsas are collapsing and the landscape becomes more fen-dominated (Malmer et
al. 2005). In addition to the peatland landscape, there are shallow (<2 m depth) and semi-deep
lakes (between 2 and 6 m depth) to the East and West of the central mire, many of which are
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of postglacial origin. And at the far northern border of the mire, the watershed drains into the
much larger glacial lake Torneträsk (330 km2) (Callaghan et al., 2010).

Hydrological flow of the Stordalen Catchment

Figure 3. Map of the Stordalen catchment, focused on the three study lakes: Inre Harrsjӧn (IH), Mellersta
Harrsjӧn (MH), and Villa Harrsjӧn (VH). The central mire is bordered by fen to its north and south. Surface
sheet water flows from VH, through South fen, and into the stream which drains northward into MH. Surface
water flows are based on Olefeldt et al., 2012. Image is a pansharpened WorldView-2 (credit: Michael Palace,
UNH).

The lakes of interest in this study are Inre Harrsjӧn (IH), Mellersta Harrsjӧn (MH),
and Villasjӧn (VH). Villasjön is a post-thaw feature, thus it is uniformly shallow (1-1.5 m)
and it freezes to the bottom every winter and has yearly vegetation turnover (Kokfelt et al.,
2009). Villasjön does not have an influent or effluent stream; but water movement occurs
east-to-west in a sheet flow over the south fen, where surface water makes it underneath the
central mire, over the south fen and eventually into the stream that feeds Mellersta Harrsjӧn
(Figure 3). Villasjön is the largest lake (0.17 km2), and has a pH of 6.5, Inre and Mellersta
Harrsjӧn are small (0.02 and 0.01 km2 respectively) with a pH of c.7 (Kokfelt et al., 2009).
The neutral pH reflects carbonate-bearing bedrock in the catchment (Lindstrӧm et al 1985).
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III. METHODS
3.1 Sampling Methodology
To characterize autochthonous and allochthonous sources into the lake sediments,
both aquatic and terrestrial vegetation were collected in and around the study lakes and
analyzed for elemental (C, N, & S) and isotopic composition (13C & 15N). Aquatic vegetation
samples were collected from a row boat using a rake to bring up the bottom vegetation.
Transects were rowed in each lake and vegetation was sampled at fixed distances until each
species of submerged macrophyte was sampled. Terrestrial vegetation was sampled on foot
around the perimeter of the study lakes in much the same way, until novel species were no
longer found. Each species was identified on site, bagged, and later photographed; vegetation
samples were then dried in a drying room for grinding and further analysis. In all, 11 species
of aquatic and 15 species of terrestrial plants were sampled in July 2015, as well as a
plankton tow (64-µm) performed in lakes Inre and Mellersta Harrsjӧn, to be analyzed for
elemental composition and isotopic signature.

Figure 4. Map of Stordalen, focused on the three study lakes, Inre Harrsjӧn (IH), Mellersta Harrsjӧn (MH), and
Villa Harrsjӧn (VH). The orange diamonds indicate coring locations in the 2015 field season. The base image is
a WorldView 2 image (credit: Michael Palace, UNH). The blue color ramp indicates water depth.
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To characterize the lake sediment geochemistry, cores were taken in a total of 17
shallow zone (< 2 m) locations in July of 2015. The cores were taken opportunistically as
weather and boating equipment would allow. Each core was subsampled for elemental C, N,
and S (wt %), 13Corg (‰), 15Norg (‰), CH4 concentration (µg CH4/cm3dry sed) and 13CH4sed (‰)
analyses. Cores were taken across shallow zones to control for depth and identify how SAM
abundance correlate to downcore sediment geochemistry, CH4 concentration, isotopic
signature, and ultimately ebullitive flux. Core recovery varied from 24 cm to 71 cm (See:
Appendix A for core geochemistry tables and Appendix B for core photos). All cores were
photographed, and the layering, colors and textures described in the field.
Sediment cores were taken from a boat with a multistage sludge and sediment sampler
(AMS, Inc). The AMS corer consists of a sliding hammer, extension rods, a core barrel, and
1-m-long replaceable core liners used for retrieval of sediment. The sliding hammer connects
to the extension rods, providing the impetus for driving the core barrel and liner into the
sediment, and several 1 m extension rods allow for the corer to be extended according to
water depth. The core barrel holds 2” diameter plastic core liners which were predrilled with
a 7/16th-inch drill bit at 5-cm intervals to serve as sampling ports for CH4. The ports were
taped before and after sampling with electrical tape to minimize exchange with the
atmosphere.

3.1a Laboratory Analyses
Each core was subsampled for isotopic signature (13C and 15N). Sediment plugs (1
cm3) were taken at 5-cm intervals, dried, ground, and sub-sampled into untreated samples for
total carbon (TC), TN, and an acidified TOC sample for isotopic analysis of the organic C.
Both the vegetation tissue samples (n=28) and sediment samples (n=170) were combusted in
a Costech ECS 4010 elemental analyzer coupled to a Thermo Trace GC Ultra isotope ratio
mass spectrometer (IRMS), based on calibration with an acetanilide, Atlantic cod, black
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spruce needles, sorghum flour, corn gluten, NIST 1515 apple leaves and tuna muscle
standards (Stable Isotope Lab, UNH). The instrument was run in continuous flow mode,
allowing simultaneous measurement of stable C isotope values and atomic C:N ratios. Stable
C isotope values are reported in the standard format of parts per thousand (permille, ‰)
relative to VPDB.
Each core was also subsampled for Elemental C, N, & S analysis. This analysis was
performed on a Perkin Elmer 2400 Series II CHNS Elemental Analyzer (Department of Earth
Sciences, UNH). Total carbon (TC) and TN were measured first and then TOC, after
acidification with sulfurous acid. IC values are calculated by difference, where IC = TC-TOC
as described in Phillips et al., 2011. Duplicate measurements were made approximately every
10 samples as run through the CHNS Analyzer and instrument and soil standards (i.e. Phillips
et al, 2011), were run throughout sample measurements. Values shown for TOC, TN, and IC,
include a 2-sigma range for the replicates. CaCO3 is calculated using the formula weight
assuming all the IC measured in the sample exists as calcium carbonate. The TOC:TN is
provided as a first order proxy for the source of the organic matter.
Each core was also subsampled for total sediment CH4 (µg CH4 g-1ds) and CH4
isotopic signature (13CH4). Two-cm3 of core material (sediment, porewater, and air) were
sampled and injected into a 30-mL vial containing 5 mL of 2 N NaOH (final pH > 14),
crimp-sealed with a butyl rubber stopper, and shaken, killing any microbes and eliminating
the introduction or consumption of CH4 post recovery (Magen et al., 2014; Pimmel &
Claypool, 2001). Sample collection was done immediately after retrieval of the core to
minimize oxygen exposure and other gaseous exchanges, as well as use of plastic end caps to
seal the top and bottom of the core liner. The water cap above the sediments was kept,
minimizing CH4 loss. The CH4 vials were extracted for analysis on a GC-FID for CH4 and a
quantum cascade laser spectrometer (QCLS) or Stable Isotope Mass Spectrometer (IRMS)
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(McCalley et al., 2014). Vials were then dried and weighed to determine the mass of dry
sediment and used to normalize CH4 measurements to µg CH4 g-1ds. Bulk density and
sediment porosity were also determined using the CH4 plugs. Each vial was weighed wet and
oven-dried to derive the volume of water present, and thus the void space of all
interconnected pores. Bulk density was determined as weight of dry sediment per cubic cm of
total sediment and porosity was determined as the volume of the void as a fraction of the total
sediment volume and reported as a percentage.

3.1a Characterization of SAM
The SAM in three different lakes was mapped to examine the spatial variation in the
percent cover of submerged vegetation and the spatial patterns in species assemblages.
Mapping occurred across two field seasons (summers 2015 and 2017), using two different
methodologies described below. The aquatic macrophyte distribution in Inre and Mellersta
Harrsjӧn did not vary between years likely because the lakes are deep enough to remain
thawed at depth, allowing for winter survival of macrophytes. Thus, we were able to combine
geospatial data for both years. Villasjӧn was not imaged in summer 2015, but it is assumed to
have high macrophyte turnover because it is consistently only 1-1.5 m deep.
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(a)

‰)
a)

(b)

‰)

Figure 5. (a) 2015 methodology: a cross-mounted quadrat with downward facing
GoPro (not attached). (b) 2017 methodology: An underwater camera (Company
name? part or model #?)AQUABOTIX camera, towed behind row boat, with livefeed onboard.

The pilot study in 2015 utilized a 1 m2 quadrat with a modified crossbar mount using
a wide-eye remotely activated underwater GoPro camera (https://gopro.com/) allowing fullscale images of the entire quadrat to be captured and percent cover and species to be
identified (Figure 4a). In 2017, an underwater camera with a remote control and live on-board
feed was used (Figure 4b). Continuous video was used instead of pictures, to increase capture
speed and autonomy while rowing lake transects. An Aquabotix camera
(http://www.aquabotix.com/) was used, with LED lights, a 7” LCD screen, power control box
and remote control, with a rechargeable battery, and waterproof casing.
There was a total of 323 observations across the two field seasons. Observations were
measured in transects, rowing from one end of the lake to the other in a straight line and at a
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constant velocity. In 2015, with the GoPro set to take photos at automatic intervals, each
image was GPS-located with a Garmin GPS (https://www.garmin.com/en-US/). In 2017, the
beginning and endpoints of each transect were GPS-located and observations in the video
were made at constant 15 second intervals and GPS located according to the known direction
and velocity. In Inre and Mellersta, the vegetation is assumed not to have changed drastically
between the two years, which was confirmed by comparing observations in similar locations
across years. A Macrophyte Species Density map was created in ArcGIS (version 10.5.1)
using this spatially-tagged data. Distribution maps were made using a kriging interpolation
that was found to be optimal for submerged vegetation (Chamberlain et al. 1999).

3.1b Characterization of Ebullitive Flux
Measurements of ice-free season CH4 bubble flux from Wik et al. 2013 are used.
Briefly, ebullitive flux was measured using a total of 40 bubble traps, distributed in a depthstratified sampling scheme (Wik et al., 2013). The traps were sampled frequently during the
thaw season (June to September) from 2009 to 2014, and spatial averages in CH4 bubble flux
were calculated (total of 4,360 measurements).

3.2 Statistical Analysis
All averages are reported with the standard deviation of the mean. Statistical tests
including t-tests, linear regression, and one-way analysis of variance (ANOVA) with Tukey’s
family error rate was performed using JMP 13 software. The residuals from these statistical
analyses were examined for normality and heteroscedasticity. Data that were not normally
distributed or had unequal variances were transformed using a Box-Cox transformation
before performing statistical tests. Comparisons were considered statistically significant at an
α of 0.05.
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3.3 Spatial Analysis
Spatial analysis was done in ArcGIS (version 10.5.1). SAM density raster layers were
created through a kriging interpolation that was found to best represent submerged
macrophyte distribution, and were rescaled to between 0 and 1, 0 being no submerged
vegetation and 1 being complete coverage. Ebullition was spatially represented as well, and
interpolated to between 0 and 1. Lastly, each of the downcore geochemical parameters are
considered grouped measures, or means, and are reported and analyzed in terms of surface
properties and average core, or “bulk” properties, to discern any changes in correlation with
the “bulk” versus surface condition. The sediment geochemical parameters included in this
spatial analysis are Total Sediment CH4, Water depth, TOC, Porosity, δ13C, δ15N, δ13CH4,
and C/N.
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IV. RESULTS
4.1 Vegetation
Vegetation transects were rowed during both field seasons to capture the distribution
of submerged aquatic vegetation. Below are the transect lines rowed in the 2017 field season
(Figure 5). The 2015 field season also included similar transects but excluded lake VH.
Submerged macrophyte species distributions were almost identical between summer 2015
and summer 2017 in the deeper lakes. Most of the macrophyte species are “frost-hardy”
perennials and these lakes do not freeze to depth. In VH, the vegetation die off every winter
when the entire water column freezes. An SAM density map was compiled, and a single
species distribution map was made to represent a more resolute two-year map with fewer
gaps and greater spatial coverage.

Figure 6. Submerged vegetation density, on a scale from 0 to 100% density, showing the transects rowed in
2017 as an example of coverage.

SAM density is on a scale from 1 to 0, indicating 100% and 0% cover, respectively.
Maps are coded on a green-yellow-brown color ramp, indicating full cover, medium cover,
and bare sediment, respectively. Villa Harrsjӧn has less dense coverage than the other two
lakes, MH and IH. The greatest density of vegetation was observed in parts of IH and MH,
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where vegetation coverage was consistently in the 90%-range. The southeast corner of IH is
mostly bare; this is where the row boats are docked. There are two dark brown spots, one in
IH, one in MH where there was not enough ambient light to pick up images of the bottom,
even with LED. These areas tended only to be 5-6 m deep, indicating the fast extinction and
high attenuation of light in the water. Visibility varied even in shallow portions of transects
due to differing levels of ambient light, and prevailing winds, which made the waters choppy
and turbulent.
In addition to submerged vegetation density, macrophyte species were catalogued to
create a macrophyte species distribution map. There were eight classified cover types: bare
sediment, “too deep” for areas without enough light to capture images, rocky bottom, and the
five species of submerged macrophytes (Sparganium spp., Potamogeton spp., Utricularia
alt., Chara spp., Equisetum spp.) classified as dominant in a certain location. Lakes MH and
IH have very few rocks or solid substrate. Villa Harrsjӧn has large boulders throughout,
especially on the eastern margin, which faces a birch margin (Betula nana, Betula
pubescens). Its western edge faces the South fen (See Figure 3), the largest fen in Stordalen
mire, and

Figure 7. Kriging interpolations were done in ArcGIS. Background color is on a greenyellow-brown color ramp indicating 100% to 0% submerged vegetation density, respectively.
In the foreground, differing symbologies show different cover types.
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there is throughflow connecting the surface waters of VH and South fen (Olefeldt & Roulet,
2012).

4.1b CHNS & Isotopes
Plant species were identified to the lowest taxonomic level possible. In this study, the
C:N value generally increased from aquatic to terrestrial ecotype, with plankton having the
lowest C:N (5.8), followed by submerged vegetation (14.1 ± 2), lake sediments (15.5 ± 2.9),
stream sediments (16.1 ± 5.5), and finally terrestrial vegetation (31.5 ± 12.6) (Figure 8).

Figure 8. The C/N of samples increased generally from
aquatic to terrestrial ecotype. Boxes represent the 25th
and 75th percentile of the data, and error bars extend to
1.5 times the interquartile range (n = 3).
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Figure 9. Aquatic and Terrestrial vegetation track
differently with respect to δ13C and C/N, following the
findings by Meyers & Ishiwatari (1993).

Because there were only two plankton tows, one in each lake IH and MH, this plot
(n=2) does not have interquartile ranges. Terrestrial vegetation had the highest variability
with respect to C:N. As expected, aquatic vegetation have consistently lower C:N than their
terrestrial counterparts (Meyers & Ishiwatari, 1993). The bulk of lake sediments have a C:N
signature which is much closer to the average aquatic macrophyte than to the average
terrestrial vegetation (Figure 8).
The C:N of stream organic matter has the same mean as the lake organic material
(16.1 ± 5.5 vs. 15.5 5 ± 2.9, respectively). Stream sediments also showed a greater C:N range
on either side of the mean. Aquatic vegetation have their greatest spread in δ13C (90% of the
range falls within -30‰ to -15‰), while terrestrial vegetation have their greatest spread in
C:N (90% of the range falls within 25 to 75; Figure 9). Not surprisingly, bulk lake and
stream sediments fall somewhere in-between, with less variability in both axes as sediments
represent a mixture of sources. Interestingly, plankton fall into their own category, with the
lowest values of δ13C and C:N, consistent with literature values (i.e. Meyers & Ishiwatari,
1993). Aquatic and terrestrial vegetation occupy their own planar regions on a cartesian
24

coordinate system consisting of C:N and δ13C, and agree well with those guidelines
propounded by Meyers, 1994. Amended here is the relatively large range in δ13C in SAM
from these data.
Undecomposed peat had the highest C:N of all samples (Table 1). Almost without
exception, terrestrial vgetation had a higher C:N than aquatic vegetation. The only exception
to this is the whole plant body of the yellow water-lily (Nuphar lutea), which had a higher
C:N (18) than cloudberry (Rubus chamaemorus) with a C:N of 16.2. Of the aquatic
vegetation, Potamogeton spp. had an anomalously high δ13C of -15.4 ‰. Most vegetation use
the C3 photosynthetic pathway have a δ13C of -30 ‰. Plankton tows taken in Inre and
Mellersta Harrsjön reveal very little difference in the C:N of plankton between lakes. The
stream sediments varied much more widely in C:N, and much less widely in δ13C, indicating
potentially that they are mixed source of aquatic and terrestrial inputs. Finally, IH sediments
are much closer to SAM in C:N than the C3 land plants but are consistently between δ13C of 26 and -31 ‰, except for the relatively 12C-enriched Potamogeton spp.
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Table 1
Vegetation and Their Elemental/Isotopic Signatures
13

15

δ C
δ N
Vegetation Genus and/or Species
(‰)
(‰)
σ
± 1.26 ± 1.18 ± 0.18 ± 0.07
Undecomposed peat
63.3 528.8 -25.34 0.22
Empetrum nigrum
48.3 937.0 -28.27 -1.08
Andromeda polifolia
42.9 1081.2 -28.87 -2.95
Juniperus spp.
41.8 728.7 -27.52 -2.29
Betula pubescens
36.7 581.7 -30.73 -2.10
Peat w/ symbiotic lychen
36.7 406.3 -26.54 1.64
Eriophorum vaginatum
34.8 490.1 -28.75 0.64
Vaccinium uliginosum
32.9 620.8 -31.43 0.95
Decomposed peat
29.2 387.8 -26.06 2.65
Sphagnum spp.
28.4 441.5 -27.00 -1.04
Betula nana
25.0 605.3 -29.52 -1.59
Salix spp. (frosted)
21.7 416.6 -29.71 -0.20
Salix spp.
20.6 401.6 -27.26 0.22
Carex rostrata
20.3 412.1 -29.35 2.46
Eriophorum angustifolium
19.2 600.9 -27.25 2.51
Common rush
18.1 284.6 -29.26 2.59
Nuphar lutea
18.0 270.4 -27.65 2.22
Rubus chamaemorus
16.2 416.6 -25.51 3.20
Equisetum spp., Myriophyllum spp.*
15.2 256.6 -29.05 2.87
Sparganium spp.
15.1 194.0 -20.83 1.93
Myriophyllum alterniflorum
15.0 233.1 -29.38 0.88
Equisetum spp.
13.8 215.1 -24.84 2.96
Equisetum spp., Myriophyllum alterniflorum, Sparganium spp.* 13.7 192.0 -29.74 2.79
Chara spp.
12.9 131.7 -27.88 0.95
Myriophyllum spp.
12.4 169.9 -22.45 0.69
Potamogeton spp.
10.9 252.3 -15.39 0.89
Plankton tow (IH)
5.7
159.1 -31.56 8.81
Plankton tow (MH)
5.8
197.0 -31.61 3.86
Color indicates Terrestrial (T), Aquatic (A), or Plankton Tow (PT).
T
A
PT
Vegetation stem, leaf and root were all included in elemental and isotopic signatures.
TOC:TN TOC:TS

*These samples included a mix of different vegetation species. (see: Appendix D)

The TOC was highest in IH (7.8 wt%), followed by MH (5.2 wt%) and the stream
environment (4.2 wt%). TOC content was concomitant with TS content by environment
(means of 7.8, 5.2, and 4.2 wt %, for IH, MH, and stream, respectively). TOC:TS is highest
in Mellersta Harrsjön (197.6, high Standard Deviation) intermediate in the stream (160) and
lowest in Inre Harrsjön (110.2; See Table 2).
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4.2 Sediment Composition & Geochemistry
The shallow zone cores reveal a general and ubiquitous stratigraphic layering of
coarse (1 mm to 5 cm) organic detritus, called “gyttja,” overlying a lithogenic layer of silt and
clay. The thickness of the shallow zone organic layer is variable across lakes IH, MH, and the
stream, ranging between 16 and 44 cm.
Generally, the sediments in IH and
MH are somewhat rich in TOC, ranging up to
almost 30 wt % in the upper 44 cm (Figure
10), with a mean and SD of 6.2 ± 6.9 wt %
among all coring locations. The stream was
much lower in overall TOC content.
Consistently, TOC was higher in the surface
(top 15 cm) than at depth, though some cores
had very low TOC even at the surface. TOC at
Figure 10. Total organic carbon varies widely
downcore but is consistently within the range of 025% in these sediments. Generally, TOC decreases
downcore as degradation and diagenesis
preferentially take up the C.

the surface had a mean and SD of 11.1± 7.5.
TOC:TN was not significantly different
between lakes but was slightly higher in the

stream environment (Table 2). Core 4 seemed to defy the general trend of TOC decreasing
with depth. Visual description of the core also allies with the anomalous TOC, as Core 4 was
remarkably dark (brown to black) throughout, without a lithogenic layer. The detrital material
was coarse (5cm) and generally resembled peat more than lake sediment.
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Table 2
Mean and SD of Measured Sediment and Vegetation
δ13C (‰)
δ15N (‰)
Ecotype
TOC:TN
TOC:TS
TS (wt %) TS surface (wt %)
Lake Sediment
9
IH
15.2 ± 3.0110 110.2 ± 72.758 -28.7 ± 1.445 1.6 ± 1.040 0.10 ± 0.1694 0.23
1
MH
15.8 ± 2.89 197.6 ± 186.27
0.05 ± 0.069 0.15
Stream
Plankton
IH
MH

65

16.1 ± 5.5

5.7
5.8
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160.8 ± 154.3

159.1
200.0

9
9
Aquatic vegteation
14.1 ± 2.0
0.8 ± 0.2
17
17
Terrestrial vegetation
31.5 ± 12.6
2.1 ± 0.8
n
# = Number of observations; n = 1 for plankton tows
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24

-28.9 ± 1.1

-31.6
-31.6

24

1.5 ± 1.3

8.8
3.9
8

66

0.02 ± 0.04

0.63
0.46
8

-25.25 ± 5.1 1.8 ± 1.0
-28.1 ± 1.817 0.3 ± 2.017

9

0.47 ± .1
0.25 ± .0617

8

0.7

4.2 Sediment CH4
The sediments show a varying but repeated pattern of downcore total sediment CH4
concentration, maximizing somewhere mid-depth, between 10 and 44 cm (Figure 11a).

(a)

CH 4 ( µg

(b)

CH4 g-1ds)

Figure 11. (a) Total sediment concentrations of CH4 varied widely. Core 4 has the highest peak of CH4, while
other cores show a higher concentration of CH4 throughout. Core retrieval was limited to about 70 cm. (b)
Sediment TOC had a strong environmental correlation of 0.474 with sediment CH 4.

(a)

(b)

Figure 12. (a) Sediment TOC correlated very strongly with sediment TN.. Data are not divided into sites, as no
significant difference in TOC:TN were observed. (b) TOC:TS varies between sites, and TOC:TS is different
between the stream and the two lakes, IH and MH.
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There is a positive correlation between TOC and sediment CH4 concentration, with a
correlation of 0.474 (p < .0001). Sediments with higher organic content tended to have higher
concentrations of sediment CH4 (Figure 11b). Sediment CH4 among cores tended to be near
zero at the surface and peak mid-depth and become less concentrated with depth. The highest
sediment CH4 concentration was in Core 4, which was also highest in TOC, and visually
resembled peat. Sediment TOC and TN correlated very strongly with an R2 of .957 (p <
.0001; Figure 12a). This was true in lakes Inre and Mellersta Harrsjӧn as well as in the stream
sediments. TN ranged from 0 to 2.5 wt % and TOC ranged from 0 to 30 wt %. TOC:TS was
also very strongly correlated in the lake sediment, R2 of .81 and .79 in MH and IH,
respectively (p < .0001; Figure 12b). There was a significant difference however, between the
mean TOC:TS in the stream sediments (R2 = .56; p = .0279) and that of Inre Harrsjön,
revealed by Tukey-Kramer HSD.
Level
Mellersta stream A
Mellersta
A B
Inre
B

Mean
199.53474
197.60841
111.79627

Figure 13. Tukey-Kramer HSD revealed Mellersta (197.6) and
Mellersta stream (199.5) sediments to have roughly the same
mean. Inre Harrsjӧn sediments (111.8) are placed in a unique
group.

The relatively weak relationship between TOC:TS in the stream environment indicate
that there is a significant amount of solid phase inorganic S in the stream environment, which
is not present in the lakes, which might have implications for the Anaerobic Oxidation of
Methane (AOM) cycle.
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4.3 Ebullition
Seasonal summer-time ebullition was sampled by Martin Wik (Wik et al., 2013), and
a mean bubble flux was calculated based on a six-year dataset (2009-2014). Because
ebullition was spatiotemporally variable, and the effects of location were to be analyzed for
control on ebullition, the values of ebullition, presented in mg CH4 m-2 d-1, represent six-year
averages of summer-time CH4 flux (June – September, 2009 - 2015) (Wik et al., 2018).

Figure 14. Bubble traps show areas of high and low summer-time ebullitive flux across the three lakes. In
general, ebullition is spatially variable, and VH has higher summer-time flux than MH and IH. Warmer colors
and larger symbols represent higher mean flux.

There was a significant difference in mean ebullitive flux between the three lakes.
Villa Harrsjӧn (Villasjön) had a much higher flux, on average. It appears that whether there
were submerged vegetation present or not, mean flux was highly variable, and generally
higher in lake Villasjön (Figure 14). Binary categorization of SAM into absence or presence
of vegetation did not show a correlation with mean ebullitive flux by lake. Lake Mellersta
Harrsjӧn has no barren sediments, making it difficult to show any effect of absence/presence
on mean ebullitive flux. Categorization of water depth into shallow (0-2m), intermediate (24m) and deep zones (4-7 m) shows that mean ebullitive flux from shallow depths tend to be
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higher emitting than intermediate zones, and deep zones are the lowest emitters (Figure 16;
consistent with Wik et al., 2013). The difference between these means is not significant,
however. Whether it is solar radiation input and higher metabolic production rates or shorter
water columns and easier escape of bubbles that yields higher emissions from shallow zones,
is unclear. This phenomenon has previously been linked to solar radiation input (Wik et al.
2013). Although shallow zones have the highest mean ebullitive flux, the variation about the
mean is very high, with means ranging from 2 to 58 mg CH4 m-2 d-1. For this reason, spatial
analysis is employed to discern if vegetation (now categorized in terms of density instead of
absence/presence) or sediment geochemical parameters control most of the variability in
shallow zone emissions.
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IH
MH
VH

Figure 15. Presence (1) or absence (2) of submerged vegetation seemed not
to influence summer-time ebullitive flux across the three lakes.
Shallow
Intermediate
Deep

Figure 16. Bubble traps show areas of high and low summer-time ebullitive
flux across gradients of shallow, intermediate and deep water. Depth is what
is controlling ebullitive flux, with shallow areas emitting more than deeper
areas.

4.4 Spatial Ebullition Correlation
The goal of this spatial analysis was to determine correlations between downcore data
(from cores), submerged vegetation density distributions (from transects), and lake surface
ebullitive flux (from bubble traps). Since the core locations did not correspond perfectly with
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the bubble trap locations, cores were treated as grouped measures, averaged across the
different depth subsamples to find a “bulk” measure, and kriging interpolations were
performed for each geochemical parameter, as well as for ebullition and submerged
vegetation density. Raster layers were obtained, showing areas of high and low ebullition, to
be correlated with associated sediment characteristics. The ebullition map was made by
interpolating the bubble trap fluxes, which were laid down in a transect in each lake. A Fuzzy
Overlay model was created (Jiang, 1996). The Fuzzy Overlay combines the spatial
distribution of ebullition (on a scale from 0 to 1), with 13 other spatial geochemical
correlates, including 9 bulk and 4 surface measures (see: Table 3). Pearson’s correlations for
each layer was collected using the Band Collection Statistics tool in ArcGIS (10.5.1).
In general, the Fuzzy Overlay model with the input parameters of TOC, porosity and
depth seem to predict best the overall variation observed in the ebullition. Deeper water
columns predict less CH4 flux, which has been observed empirically (Wik et al., 2013). The
spatial correlation in the lakes between ebullition and bulk sediment porosity is -0.497,
indicating that among shallow zone cores, porosity predicted most of the variation in
ebullition, with less porous sediments yielding higher ebullitive fluxes. The correlation
between ebullition and surface sediment porosity was -0.626, indicating less porous surface
sediments were an even stronger driver of high ebullition than bulk sediment.
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Table 3.
Layer1: Sediment CH4 (bulk)
Layer 6: δ13C (bulk)
Layer 11: Porosity (surface)
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Layer 2: SAM Density
Layer 7: δ15N (bulk)
Layer 12: C/N (surface)

Layer 3: Water depth
Layer 8: δ13CH4 (bulk)
Layer 13: TOC (surface)

Layer 4: TOC (bulk)
Layer 5: Porosity (bulk)
Layer 9: C/N (bulk)
Layer 10: Ebullition(mean)
Layer 14: Sediment CH4 (surface)

V. DISCUSSION
5.1 C:N and δ13C indicate Autochthonous C
At the stream and point bar environment of the mire stream, terrigenous input is
highest, relative to other areas of the lakes evidenced by higher sediment C:N (Table 2;
Meyers & Ishiwatari, 1993). There is also however a large range in C:N. This might be
because the rivers also bring in a high amount of primary nutrients which cause plankton and
algal growth whose increase in production would decrease the sediment C:N (Meyers &
Ishiwatari, 1993). Visually, this is evidenced by algal mats coating the SAM throughout the
stream and point bar environment.
Downcore C:N of sediment represent a change in source mixing ratios (terrigenous vs.
aquatic) over time as opposed to diagenetic alterations. Diagenetic alterations stabilize after
sedimentation (Talbot & Johannessen, 1992), and thus without constant flocculation and
resuspension, downcore C:N values can be read as a change in the proportion of terrestrial
and algal substrate over time (Meyers & Ishiwatari, 1993). Thus, C:N below the surface
represents true changes in source-mixing ratios, assuming minimal microbial reworking.
Organic matter in lake sediments range from being predominantly algal in some lakes
to being mostly land-derived in others. Studies show that when the contribution of organic
matter from vascular land plants is small relative to water column production, sediments
reflect lower C:N ratios than do lakes receiving important amounts of vascular plant debris.
The C:N ratios for sediments is on the order of 15, suggesting an admixture of nonvascular
and vascular contributions, which is expected for most lakes globally (Meyers & LallierVergè, 1999). The average lake sediment C:N in this study was 15.3. It is not surprising that
the lake sediments have a higher ratio than the average submerged vegetation C:N of 13.9.
Considering the study lakes are small, the edge effects of terrestrial inputs are relatively
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greater, and there is active slumping of the surrounding peatland, adding high C:N
allochthonous material.
Recent studies emphasize the role of terrestrial organic matter as a dominant source of
C to northern lakes (Jonsson et al., 2003). While several studies have shown increasing trends
in TOC concentrations in high latitude lakes and rivers (Roulet & Moore, 2006), these effects
are not equally important across all lakes. One such study (Rosén et al., 2009) found that
higher temperatures and increased levels of TOC and nutrient lowered light penetration
through the water column, having a high negative correlation with sedimentary δ13C, which
they found is due to an increase in the relative contribution of organic matter from benthic
and pelagic algae. Most of these studies, however, have been of relatively large, unproductive
lakes, with many influent rivers, as compared to the study lakes discussed here. Although the
sediment TOC concentrations were similar (5.5 vs. 6.2 in ours), the smaller size and
shallower water leads to more mixing and higher primary productivity.
The C:N of measured decomposed (63.3) and undecomposed (29.2) peat shows that
peat decreases in C:N with decomposition, consistent with the consumption of labile
carbohydrates and fixation of nitrogen by soil microorganisms (Benner et al., 1987). The C:N
and the δ13C of the lake sediments indicate that much of the sediment organic C is input
through the burial and decay of aquatic vegetation. Though an exact fraction is not known,
this shows that much of the sediment C is in the study lakes is autochthonous, by the
decomposition of macrophytes, supplying material for sedimentation and anaerobic
mineralization in the study lakes. This is confirmed by a black monosulfidic “ooze” overlying
the sediment that is often seen in these densely vegetated lakes and is associated with the
anaerobic decay of SAM and moss (Kudoh et al. 2003). This is further corroborated with the
observance of generally elevated S levels at the surface of cores (Table 2).
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The δ13C of SAM were mostly consistent with that of the C3 photosynthetic pathway,
apart from Potamogeton spp. (-15.39‰, n=2). Many SAM are known to have active
assimilation of CO2 from the water column in addition to photosynthesis (Prins et al. 1982).
Thus, fractionation of C in SAMs is mostly due to the δ13C signature of the dissolved
inorganic carbon (DIC). Some Potamogeton species are known to assimilate bicarbonate
(HCO3-) directly (Prins et al. 1982; Kadono 1980). The δ13C value of the observed
Potamogeton species is consistent with a mixture of bicarbonate assimilation (HCO-3 from
DIC) and the C3 photosynthetic pathway.
Spatial correlations indicate that sediments with high SAM density have less bulk and
surface TOC, albeit a weakly negative correlation, -0.09 and -0.18 respectively (Table 3). A
potential reason for this is that SAM represent a net sequestration of C and mineralization of
underlying sediment C. Where there are increased abundances of submerged, especially
perennial, vegetation, there is not as much C turnover. A potential reason why reported TOC
in lake Villasjön is almost double on average than the deeper lakes, is the lack of perennial
vegetation and the yearly die-off of and increased turnover of benthic macrophytes.
These findings suggest that there is no lack of organic substrate in these lakes. The
primary function of the lake’s microbial community is the heterotrophic breakdown of
organic C. This could indicate that in an otherwise highly organic environment, such as a
peatland lake, the ‘quality’ of organic C, or its lability to methanogens, is more important in
terms of ‘fertilizing’ methanogenesis than TOC (Wik et al., 2018).

5.2 Sediment porosity
It has been described that high CH4 concentration in sediments, or CH4 potential,
does not necessarily lead to high ebullition (Wik et al., 2018). One possible explanation for
the disparity between total sediment CH4 and its ebullition at the surface is the spatial
heterogeneity of methanogenic and methanotrophic communities below. Some sediments
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may be holding substantial CH4, but it could potentially have been produced further down in
the sediment. In other words, high measured sediment CH4 does not necessitate a high rate
in-situ production, it could be collected from below, or there may be a distinct lack of
methanotrophic communities to consume the CH4.
Another possible explanation, supported by these data, is that the relationship between
denser (less porous) sediments and lower CH4 concentrations may be an artefact of how CH4
was measured (in µg CH4 g-1 dry sed). Assuming two equal-volume sediments with equal CH4
concentration, a denser sediment is going to have less interaggregate void space, and thus less
water. So even if the amount of the CH4 were the same in both sediment volumes, an artefact
of measuring CH4 thusly means denser sediments will show representatively higher CH4
concentrations due to the increased sample mass of sediment to relative to water. However,
the extent to which this robust relationship is an artefact of the unit of measure and to what
extent it is a fundamental principle is unknown.
Lastly, due to changes in permeability, some sediments are not physically amenable to
bubble formation and or ebullition. If a sediment is too porous, CH4 can escape through large
interaggregate pore spaces; if too dense, the interaggregate pore spaces can be too small,
essentially making them impermeable (Bear, 1972). Across the shallow zones of these lakes,
we found that low porosity sediments generally yielded greater ebullition, and this
relationship was stronger in surface sediments. Sediments that are too consolidated tend not
to have large enough interaggregate pore space and are impermeable to the formation or
passage of bubbles. However, we likely did not observe any sediments in which this was a
restriction on ebullition.
Interestingly, Core 4, which had the highest concentration of sediment CH4, also had
the lowest porosity. This is puzzling, considering the correlation between porosity and
sediment CH4. Core 4 was visually different than any of the cores taken in 2015 and
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compared more to the sediments of lake Villasjön. Although Villasjön was not cored in 2015,
one study describes the sediment of Villasjön as a “15- to 20-cm-thick layer of reworked peat
between the gyttja and the lithogenic sediments” (Wik et al. 2018). This peat layer was
previously described as mire vegetation, consisting of Sphagnum spp. and Carex spp.,
redeposited during erosional events that occurred after ca. 2,100 years B.P. (Kokfelt et al.,
2010). The presence of a porous peat layer might make this column of sediment a conduit for
CH4 that is derived from production below it, and thus the path of least resistance in terms of
permeability.
It is believed that there is a fluffy upper layer of resuspended, fine-grained organic
matter, that is constantly exposed to oxygenated bottom water. Grain size analysis is difficult
to do in these lakes because of high TOC content. In the organic layer, there is a miniscule
lithogenic fraction, and a “cap” of fluffy reworked material that may act to allow bubbles to
form (by acting as a semi-permeable membrane allowing semi-constant pressure), and
through which bubbles must escape.

5.3 Constraining possible interplay between SAM & CH4 oxidation
Methane oxidation occurs when CH4 is consumed by methanotrophs or otherwise
oxidized. Thus, if an area is high in methanotrophy, the CH4 could be consumed in situ
before it can become supersaturated and stripped into bubbles. This, however, does not
constrain the potential role of anaerobic oxidation of CH4 (AOM) within the sediments.
Recent preliminary research suggests that, terrestrially, 50% of CH4 produced is oxidized
before its expression can be captured at the surface (Segarra et al. 2013). Thus,
biogeochemical models may be underrepresenting AOM by not accounting for alternate
electron acceptors.
It is largely believed that because freshwater contains little SO4-2, there is no
appreciable SO4-2 reduction or pyrite formation, and a majority fraction of reduced S in
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freshwater sediments is organically-bound (Goldhaber & Kaplan, 1974). The TS content in
these Stordalen lake and stream sediments (mean wt %’s of 0.1 for IH, 0.05 for MH, and 0.02
for the stream) fall below the typical range observed in Stordalen mire vegetation (mean 0.47
for aquatic; 0.25 for terrestrial). Typical TS-levels in freshwater lake sediments are from 0.0
to 0.02 wt % (Berner & Raiswell, 1983; Cohen et al., 1984) and terrestrial vegetation (0.25)
compare well with the typical peat-forming areas (0.23 to 0.27) reported by Casagrande et al.,
1980. TS content follows TOC content, as expected, which is representative of the
significance of organically-bound S, and not necessarily differences in S inputs. Small
amounts of detrital or diagenetic iron sulfide (FeS) mineral phases may also be present, but
identifying their presence was not the focus of this study. TOC:TS is highest in Mellersta
Harrsjön (mean 197.6) intermediate in the stream (mean 160) and lowest in Inre Harrsjön
(mean 110; Table 2), suggesting a possible inorganic S phase at Inre Harrsjön and the stream
environment, which is not as abundant in Mellersta Harrsjӧn.
The decreasing trend in TOC:TS across the study area may be influenced by the input
and replenishment of SO4-2-rich waters derived from weathering of S-bearing rocks
elsewhere in the watershed (Wik et al. 2018). This same source of SO4-2 may also drive an
AOM cycle in the sediments, potentially converting some of the CH4 to DIC (Knittel &
Boetius, 2009; Smemo & Yavitt, 2011). Dissolution of magnetite and precipitation of greigite
(Fe3S4) has been observed in other lakes of the Abisko region (Snowball, 1991, 1993),
suggesting that hydrogen sulfide produced by AOM can be retained as FeS precipitates in
nearby lake sediments, and that SO4-2 dependent AOM may be significant in our study area as
well. Although no clear relationship exists in our data between TOC:TS and CH4 ebullition or
sediment CH4, AOM may be an important sink for CH4 in subarctic lakes and should be the
subject of future investigation.
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Figure 17. Conceptual diagram of the role of aquatic macrophytes on CH 4 dynamics. Difference in
methanogenic communities may explain some of the variability in CH4 production. C-lability may also affect
CH4 dynamics. Lastly, AOM may be responsible for a large sink of CH 4 within freshwater lake sediments.

Anaerobic oxidation of methane in lake bottom sediments may be an important
pathway for CH4 consumption in peatland lakes., AOM may account for much of the
discrepancy observed between sediment CH4 concentrations and ebullition at the surface
(Figure 17).

5.4 Conclusions
This study on the impact that submerged vegetation have on CH4 dynamics in high
latitude peatland lakes indicates that lake sediments receive an admixture of C from
allochthonous and autochthonous sources, and that the predominant C source to these lakes
may be from primary production within the water column. The presence of vegetation did not
seem to “fertilize” the sediment with respect to TOC or sediment CH4. There were no
correlations between submerged vegetation density and downcore geochemical parameters.
Instead, it appears that among shallow zones, what controls for most of the variability in CH4
ebullition is the sediment structure. Sediment porosity is a significant control on the
variability in shallow zone CH4 ebullition, with less porous sediments having higher CH4
ebullitive flux.
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Although a correlation between sediment TOC and submerged vegetation density was
not observed, this does not mean that SAM do not affect CH4 dynamics. The in-situ decay of
submerged vegetation, especially in shallower lakes, may provide yearly labile organic C,
which may be more important than TOC in a system that is not C-limited. However, we did
not determine the C-quality of the organic C in our sediments. It has also been shown that a
high sediment CH4 concentration does not lead to high CH4 efflux. This is potentially
because certain sediment structures may not be amenable to bubble formation. It might also
be due to the consumption of CH4 by methanotrophs or inorganic consumption of CH4 by
AOM.
Future work should focus on (1) identifying a proxy for and quantifying the lability of
C, and using this to predict SAM density and CH4 production, (2) including DNA analyses to
test for the presence of methanotrophs in lake sediments, (3) determination of sediment
permeability, not just porosity, and finally (4) measuring the sediment concentrations of
alternate electron acceptors to determine the extent to which AOM predominates.
As the Arctic warms, it is predicted that submerged vegetation will proliferate due to
increased warmth, light, and an extended growing season. Future work will help further
constrain a lakes ebullition potential, and how the fates of C and CH4 might change in the
future.
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APPENDIX A (Core Geochemistry Table)
Table 4
Measured Downcore Geochemical Parameters by Core Location
13
δ C
Depth TOC TON TS zeros* C/N C/S
Coring location
(cm) (wt %) (wt %) (wt %) (wt %) (wt %) (‰)
Inre Harrsjön
IH1
(68° 21' 29.22" N,
19° 2' 55.55" E)

IH2
(68° 21' 31.08" N,
19° 2' 51.59" E)

IH3
(68° 21' 31.44" N,
19° 2' 49.73" E)

IH4
(68° 21' 32.52" N,
19° 2' 46.91" E)

15

δ N Sed. CH4 δ13CH4
BD
3
(‰) (µg CH4/g) (‰) (g dw/cm )

6
11
16
21
26
31
36
41
46
51
56
61
66
71

18.4
13.6
6.7
1.1
0.4
0.3
0.5
0.6
0.8
1.2
1.3
1.4
1.3
1.2

1.5
0.9
0.5
0.1
0.0
0.0
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

0.11
0.15
0.06
0
0
0
0
0
0
0
0
0
0
0

14.8 167.7
18.6 90.5 -29.26 1.17
17.0 112.0 -29.35 0.74
15.0
-29.31 0.92
15.5
-28.61 2.89
19.2
-27.75 2.76
10.1
-26.60 4.17
10.9
-26.78 4.37
13.5
-27.12 4.04
15.0
-27.75 3.00
19.4
-28.12 2.67
15.7
-27.81 2.14
16.1
-27.79 2.66
17.2
-27.57 2.99

4
9
14
19
24
29
34
39
44
49
54

20.2
12.9
21.8
15.9
13.0
14.0
14.9
14.4
2.0
1.5
1.5

1.7
1.1
1.7
1.3
1.0
1.2
1.2
1.2
0.2
0.1
0.1

0.36
0.13
0.39
0.3
0.1
0.24
0.39
0.305
0.21
0.04
0

13.6 56.2
0.92
13.4 99.1
14.7 55.8
0.88
13.9 53.1 -30.08 1.30
14.5 129.6 -30.10 1.72
13.9 58.2 -30.57 1.81
14.9 38.2 -30.45 1.58
14.6 47.3 -30.63 1.73
15.7 9.6 -29.73 1.50
15.0 38.5 -29.33 2.82
16.9
-28.88 2.98

3
8
13
18
23
28
33
38

23.0
20.4
19.8
14.5
6.1
1.2
0.7
0.6

2.1
1.6
1.3
1.0
0.4
0.1
0.1
0.1

0.36
1.11
0
0.11
0.05
0
0
0

13.1 63.8
1.41
14.5 18.4
0.47
17.7
0.12
16.2 131.7 -29.16 0.82
16.6 122.4 -29.30 1.16
17.9
-28.44 1.83
13.7
-27.60 2.62
14.2
-28.02 2.42

19.0
17.4
13.3
7.2
2.6
2.6
2.8

4
9
14
19
24
29
34
39
44

14.5
16.5
16.1
16.7
16.2
16.7
21.3
23.0
25.3

1.2
1.3
1.2
1.4
1.2
1.2
1.5
1.5
1.6

0.08
0.14
0.26
0.18
0.23
0.33
0.34
0.43
0.45

13.9 181.6 -28.04 1.02
15.3 118.1
0.35
15.5 61.8
0.91
13.8 92.6 -29.71 0.86
16.4 70.4
0.41
16.8 50.6
0.27
17.0 62.7 -22.39 0.10
17.4 53.5
0.25
19.1 56.3
-0.01

29.9
33.8
30.2
30.2
45.7
52.0
64.5
61.2
0.3

11.0
7.4
3.6
3.7
3.1
2.8
3.7
3.3
4.1
3.9
3.6
3.9
4.9
28.7
55.5
55.3
48.3
51.1
47.1
29.3
14.6
18.6

-78.00
-86.40
-77.71
-80.82
-83.23
-81.61
-81.83
-83.25
-81.65
-85.44
-82.07

-73.11
-76.62
-78.41
-79.66
-76.37
-80.63
-82.45
-80.79
-79.06
-84.85
-70.03
-74.12
-75.84
-80.22
-79.57
-80.05

-73.64
-71
-68.94
-68.32
-69.63
-70.14
-71.16
-68.7

0.4
0.7
1.3
1.5
1.5
1.6
1.2
1.4
1.1
1.1
1.2
1.2
0.2
0.2
0.2
0.3
0.3
0.3
0.3
0.3
0.8
0.9

0.2
0.2
0.4
0.7
1.1
1.4
1.4
0.2
0.3
0.3
0.4
0.4
0.3
0.3
0.3
0.2
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Table 4. Core geochemistry tables.
*TS zeros: Values of 0.0 were reported for readings that were below detection limit. These were not treated as
real zeros in any of the analyses; they were unincluded.
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real zeros in any of the analyses; they were unincluded.

Table 4
Measured Downcore Geochemical Parameters by Core Location
13
15
Depth TOC TON TS zeros* C/N C/S δ C δ N Sed. CH4
Coring location
(cm) (wt %) (wt %) (wt %)
(wt %) (wt %) (‰) (‰) (µg CH4/g)
IH9 (con't…)
31
3.6
0.2
0.0
23.6
4.9
36
2.1
0.2
0.0
16.2 104.0
4.0
41
2.0
0.2
0.0
15.2 196.0
4.6
46
1.7
0.2
0.0
13.2 170.0
5.8
51
1.7
0.1
0.0
14.3
5.3
56
1.7
0.2
0.0
13.4
5.1
61
2.5
0.2
0.0
14.1 84.7
7.6
66
2.2
0.2
0.0
14.7
7.4
Mellersta Harrsjön
MH1
2
10.7 1.0
0.2
13.0 71.5
7.8
68° 21' 28.92" N
7
9.1
0.6
0.1
17.9 82.4
34.6
19° 2' 31.12" E
12
5.1
0.3
0.0
17.5
23.9
17
6.7
0.4
0.1
18.6 74.3
22.7
22
5.0
0.3
0.0
18.3 503.0
13.3
27
3.3
0.3
0.0
15.2 108.7
8.4
32
3.9
0.3
0.0
15.7 111.4
12.9
37
2.2
0.2
0.0
14.8 432.0
6.5
42
0.9
0.1
0.0
11.4
9.2
Mellersta Stream
MS1
3
13.3 1.0
0.1
16.1 221.5 -28.24 0.34
9.0
68° 21' 24.84" N
8
3.0
0.2
0.0
16.6
-28.33 0.24
6.5
19° 2' 29.08" E
13
5.1
0.3
0.0
19.1 508.0 -28.65 1.77
7.1
18
1.6
0.1
0.0
17.4
-28.35 1.83
2.6
23
2.0
0.2
0.0
14.4
-28.51 1.69
28
1.1
0.1
0.0
16.6
-28.36 2.91
3.4
33
0.5
0.0
0.0
15.9
-26.74 4.17
2.1
38
0.2
0.0
0.0
7.8
-27.77 2.09
6.5
43
0.0
0.0
0.0
3.5
-26.54 3.31
3.4
MS2
68° 21' 29.16" N
19° 2' 29.54" E

2
7
12
17
22
27
32
37
42
47
52
57
62
67
72
77

12.3
8.8
0.5
1.3
2.6
5.0
3.0
0.2
5.2
3.0
0.2
2.2
3.0
9.3
8.3
7.5

0.9
0.6
0.0
0.1
0.2
0.3
0.2
0.0
0.2
0.2
0.0
0.1
0.2
0.5
0.5
0.5

0.1
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.1
0.0
0.0
0.1
0.0

16.7 246.8 -30.91 0.04
16.5 126.2 -30.82 -0.20
12.8
-29.99 1.36
16.3
-29.53 2.13
17.3
-29.69 1.63
19.6
-29.62 0.49
16.8
-29.22 2.24
8.2
-27.45 2.49
25.1
-29.05 0.80
19.3
-29.38 0.63
7.8
-28.15 3.61
18.6 44.6 -29.19 1.50
19.5
-29.32 1.03
20.9
-29.65 0.00
21.4 165.4 -29.02 -0.53
19.3

13

δ CH4
BD
(‰) (g dw/cm3)

-82.30
-80.90
-80.59
-82.40
-81.82
-81.31
-72.13
-71.00

-71.14

-70.25
-73.91
-77.69
-78.59

1.20
1.41
1.49
1.52
1.48
1.44
1.21
1.30
0.18
0.31
0.58
0.65
0.81
0.74
1.00
1.59
1.08
0.37
0.88
0.78
1.49

-81.56

-78.83

1.48
1.64
0.88
1.72

9.2
7.1
12.5
24.9

-81.59
-71.30
-69.27
-71.63

0.13
0.18
0.41
0.27

3.6

-71.54

0.29

7.0
14.5
16.6
5.6
12.6
6.8
24.1
29.0
31.6

-69.46

-68.70

0.87
0.65
0.77
1.34
0.76
0.74
0.28
0.32
0.42

55
Table 4. Core geochemistry tables.
*TS zeros: Values of 0.0 were reported for readings that were below detection limit. These were not treated as
real zeros in any of the analyses; they were unincluded.

Table 4
Measured Downcore Geochemical Parameters by Core Location
13
15
Depth TOC TON TS zeros* C/N C/S δ C δ N Sed. CH4 δ13CH4
BD
3
Coring location
(cm) (wt %) (wt %) (wt %)
(wt %) (wt %) (‰) (‰) (µg CH4/g) (‰) (g dw/cm )
MS3
20
1.1
0.1
0.0
16.6
1.0
1.50
68° 21' 17.57" N
25
1.0
0.1
0.0
14.9 96.0
1.2
1.35
19° 2' 26.26" E
30
0.2
0.0
0.0
8.2
0.6
1.36
35
1.8
0.1
0.0
17.1
1.0
1.34
MS4
68° 21' 20.16" N
19° 2' 28.93" E

2
7
12
17
22
27
32
37
42
47

8.6
11.1

0.7
0.7
0.4
0.4
0.8
0.9
0.8
0.4
0.2

0.1
0.1
0.1
0.1
0.1
0.0
0.2
0.1
0.0
0.1

15.4 65.9
18.5 123.1
0.0
18.1 75.9
18.7 104.3
20.1
27.3 117.1
25.7 168.2
21.2 728.0
29.0 91.2

6.0
16.8
17.5
13.7
15.0
6.3
22.5
34.4
18.1

6.8
6.3
13.4
21.1
18.5
7.3
5.5

MS5
68° 21' 23.08" N
19° 2' 29.65" E

5
10
15
20
25
30

5.6
1.8
0.3
0.4
1.5
1.8

0.3
0.1
0.1
0.0
0.1
0.2

0.0
0.0
0.0
0.0
0.0
0.0

20.4
17.3 178.0
7.7
12.8 22.0
16.1 76.0
13.9 44.8

21.7
4.0
6.6
6.8
5.9
10.3

0.48
1.40
1.76
1.31
1.57
0.94

MS6
68° 21' 27.18" N
19° 2' 28.28" E

2
7
12
17
22
27
32

4.9
7.2
11.8
5.3
0.7
2.3
0.3

0.4
0.3
0.5
0.3
0.1
0.2
0.0

0.1
0.0
0.1
0.0
0.0
0.0
0.0

15.4 61.3
28.0
25.4 117.8
18.7 264.0
15.4
16.5
11.3

8.9
6.8
27.9
23.1
5.8
35.7
19.4

0.43
0.57
0.60
0.71
1.18
0.24
0.45

MS7
68° 21' 29.38" N
19° 2' 29.47" E

2
7
12
17
22
27
32
37
42
47
52
57

1.4
5.1
0.2
0.9
0.4
0.4
0.3
0.3
2.6
0.2
0.3

0.1
0.3
0.0
0.1
0.1
0.0
0.0
0.1
0.2
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

13.8 142.0
20.6
8.2
12.4
9.8
10.3
7.3
6.8
15.7
5.8
11.3

0.2
0.0
0.4
0.4
0.9
1.9
2.4
2.7
1.6
12.4
1.7
1.7

-71.20
-73.00
-74.25
-70.81

-68.73

0.22
0.31
0.34
0.38
0.54
0.92
0.36
0.42
0.56

0.42
1.04
1.20
1.11
1.22
1.25
1.23
1.33
1.49
0.73
1.16
1.31

56
Table 4. Core geochemistry tables.
*TS zeros: Values of 0.0 were reported for readings that were below detection limit. These were not treated as
real zeros in any of the analyses; they were unincluded.

APPENDIX B (Core Photos)
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APPENDIX C (Interpolation Parameters)
C:N (Avg)

Figure 18. Geostatistical kriging interpolation parameters used for bulk C:N. Semivariogram clouds were created
using an optimized model with 5 maximum and 2 minimum neighbors. Run in ArcGIS 10.5.1.

59

C:N (Surf)

Figure 19. Geostatistical kriging interpolation parameters used for surface C:N. Semivariogram clouds were
created using an optimized model with 5 maximum and 2 minimum neighbors. Run in ArcGIS 10.5.1.

60

δ13C (Avg)

Figure 20. Geostatistical kriging interpolation parameters used for bulk δ13C. Semivariogram clouds were created
using an optimized model with 5 maximum and 2 minimum neighbors. Run in ArcGIS 10.5.1.

61

δ13CH4 (Avg)

Figure 21. Geostatistical kriging interpolation parameters used for bulk δ13CH4. Semivariogram clouds were
created using an optimized model with 5 maximum and 2 minimum neighbors. Run in ArcGIS 10.5.1.

62

δ15N (Avg)

Figure 22. Geostatistical kriging interpolation parameters used for bulk δ15N. Semivariogram clouds were created
using an optimized model with 5 maximum and 2 minimum neighbors. Run in ArcGIS 10.5.1.

63

Water depth

Figure 23. Geostatistical kriging interpolation parameters used for water depth. Semivariogram clouds were
created using an optimized model with 5 maximum and 2 minimum neighbors. Run in ArcGIS 10.5.1.

64

Ebullition

Figure 24. Geostatistical kriging interpolation parameters used for ebullition. Semivariogram clouds were created
using an optimized model with 5 maximum and 2 minimum neighbors. Run in ArcGIS 10.5.1.

65

Porosity (Avg)

Figure 25. Geostatistical kriging interpolation parameters used for bulk porosity. Semivariogram clouds were
created using an optimized model with 5 maximum and 2 minimum neighbors. Run in ArcGIS 10.5.1.

66

Porosity (Surface)

Figure 26. Geostatistical kriging interpolation parameters used for surface porosity. Semivariogram clouds were
created using an optimized model with 5 maximum and 2 minimum neighbors. Run in ArcGIS 10.5.1.

67

TOC (Avg)

Figure 27. Geostatistical kriging interpolation parameters used for bulk TOC. Semivariogram clouds were created
using an optimized model with 5 maximum and 2 minimum neighbors. Run in ArcGIS 10.5.1.

68

TOC (Surf)

Figure 28. Geostatistical kriging interpolation parameters used for surface TOC. Semivariogram clouds were
created using an optimized model with 5 maximum and 2 minimum neighbors. Run in ArcGIS 10.5.1.

69

SAM Density

Figure 27. Geostatistical kriging interpolation parameters used for SAM density. Semivariogram clouds were
created using an optimized model with 5 maximum and 2 minimum neighbors. Run in ArcGIS 10.5.1.
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APPENDIX D (Vegetation Photos)
AQUATIC VEGETATION

Nuphar lutea, sampled July 7, 2015. 19.04779,68.35841

Equisetum spp., Myriophyllum spp. sampled July 7, 2015. Coordinates: 19.04524,68.35845

71

Sparganium spp. sampled July 7, 2015. Coordinates: 19.04727,68.35837

Myriophyllum alterniflorum sampled July 7, 2015. Coordinates: 19.04242,68.35839

72

Equisetum spp. sampled July 7, 2015. Coordinates: 19.04511,68.35810

Sparganium spp., Equisetum spp., Myriophyllum spp. sampled July 7, 2015. Coordinates: 19.04475,68.35881

73

Chara spp. sampled July 7, 2015. Coordinates: 19.04146,68.35861

Myriophyllum spp. sampled July 7, 2015. Coordinates: 19.04176,68.35794

74

Potamogeton spp. sampled July 7, 2015. Coordinates: 19.04496,68.35864

Stringy algae (Not enough dry sample) sampled July 7, 2015. Coordinates: 19.04146,68.35819

75

TERRESTRIAL VEGETATION

Peat (undecomposed) sampled July 7, 2015. Coordinates: 19.04992,68.35777

Empetrum nigrum sampled July 7, 2015. Coordinates: 19.04822,68.35756

76

Andromeda polifolia sampled July 7, 2015. Coordinates: 19.04769,68.35749

Juniperus spp. sampled July 7, 2015. Coordinates: 19.04817,68.35763

77

Betula pubescens sampled July 7, 2015. Coordinates: 19.04934,68.35781

Peat w/ symbiotic lychen sampled July 7, 2015. Coordinates: 19.04957,68.35775

78

Eriophorum vaginatum sampled July 7, 2015. Coordinates: 19.04735,68.35749

Vaccinium uliginosum sampled July 7, 2015. Coordinates: 19.04862,68.35754

79

Peat (decomposed) sampled July 7, 2015. Coordinates: 19.04935,68.35763

Sphagnum spp. sampled July 7, 2015. Coordinates: 19.04951,68.35767

80

Betula nana sampled July 7, 2015. Coordinates: 19.04798,68.35760

Salix spp. (frosted) sampled July 7, 2015. Coordinates: 19.04832,68.35766

81

Salix spp. (unfrosted) sampled July 7, 2015. Coordinates: 19.04836,68.35764

Carex rostrate sampled July 7, 2015. Coordinates: 19.04731,68.35749

82

Eriophorum angustifolium sampled July 7, 2015. Coordinates: 19.04723,68.35747

Rush (common) sampled July 7, 2015. Coordinates: 19.04894,68.35809

83

Rubus chamaemorus sampled July 7, 2015. Coordinates: 19.04744,68.35740
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